Abstract: Exergy concepts and exergy based methods offer an insight to the understanding of sustainable energy engineering. The utilization of energy and other resources by applying physical concept as exergy and exergy based methods and the value of these tools in the design are presented, in particular Life Cycle Exergy Analysis (LCEA). LCEA is applied to a typical wind power plant. This brings a new approach and insight to the engineering conditions for a sustainable development that is further elaborated. The importance of introducing this new knowledge into present engineering education and practices is argued for.
INTRODUCTION
Exergy is a suitable scientific concept in the work towards sustainable development. Exergy accounting of the use of energy and material resources provides important knowledge on how effective and balanced a society is in the matter of conserving nature's capital. This knowledge can identify areas in which technical and other improvements should be undertaken, and indicate the priorities, which should be assigned to conservation measures, efficiency improvements and optimizations. Thus, exergy concept and tools are essential to the creation of a new engineering paradigm towards sustainable development.
EXERGY
The exergy concept originates from works of Carnot [1] , Gibbs [2] , Rant [3] and Tribus [4] and the history is well documented [5] . Exergy of a system is [6, 7] E = U + P 0 V T 0 S μ i0 n i i
where U, V, S, and n i denote extensive parameters of the system (energy, volume, entropy, and the number of moles of different chemical materials i) and P 0 , T 0 , and μ i0 are intensive parameters of the environment (pressure, temperature, and chemical potential). Analogously, the exergy of a flow can be written as:
where H is the enthalpy.
All processes involve the conversion and spending of exergy, thus high efficiency is of utmost importance. This implies that the exergy use is well managed and that effective tools are applied. Presently, an excellent online web *Address correspondence to this author at the Department of Culture, Energy and Environment University of Gotland Cramérgatan 3, SE-621 67, Visby, Sweden; Tel: +46 (0) 498299131; Fax: +46 (0) 498299962; E-mail: gw@exergy.se tool for calculating exergy of chemical substance is also available [8] .
Energy is always in balance, however, for real processes exergy is never in balance due to irreversibilities, i.e. exergy destruction that is related to the entropy production by
where S tot is the total entropy increase, E in tot is the total exergy input, tot out E is the total exergy output, and (E in E out ) i is the exergy destruction in process i.
The exergy loss, i.e. destruction and waste, indicates possible process improvements. In general "tackle the biggest loss first" approach is not always appropriate since every part of the system depends on each other, so that an improvement in one part may cause increased losses in other parts. As such, the total losses in the modified process may in fact be equal or even larger, than in the original process configuration. Also, the use of renewable and non-renewable resources must be considered. Therefore, the problem needs a more careful approach.
EXERGY ANALYSIS
In engineering, flow diagrams are often used to describe the energy or exergy flows through a process. Fig. (1) shows a typical thermal power station, its main components and roughly the main energy and exergy flows of the plant. This diagram shows where the main energy and exergy losses occur in the process, and also whether exergy is destroyed from irreversibilities or whether it is emitted as waste to the environment. In the energy flow diagram energy is always conserved, the waste heat carries the largest amount of energy into the environment, far more than is carried by the exhaust gases. However, in the exergy flow diagram the temperature of the waste heat is close to ambient so the exergy becomes much less. The exergy of the exhaust gas and the waste heat are comparable. 2) illustrates the energy and exergy flows of an oil furnace, an electric heater, an electric heat pump and a combined power and heat plant, i.e. a cogeneration plant. The produced heat is used for space heating. In the oil furnace the energy efficiency is assumed to be typically about 85%, losses being due mainly to the hot exhaust gases. The exergy efficiency is very low, about 4%, because the temperature difference is not utilized when the temperature is decreased, to a low of about 20°C, as a comfortable indoor climate.
Electric heating by short-circuiting in electric resistors has an energy efficiency of 100%, by definition of energy conservation. The energy efficiency of an electric heat pump is not limited to 100%. If the heat originating from the environment is ignored in the calculation of the efficiency, the conversion of electrical energy into indoor heat can be well over 100%, e.g. 300% as in Fig. (2) . The exergy flow diagram of the heat pump looks quite different. The exergy efficiency for an electric heater is about 5% and for the heat pump, 15%.
In Fig. (1) the energy and exergy efficiencies are the same because for the inflow of fuels and the outflow of electricity both energy and exergy is almost equal. For a combined power and heat plant, i.e. a cogeneration plant (Fig. 2 ) the exergy efficiency is about the same as for a thermal power plant (Fig. 1) . This can be better understood from the exergy diagrams. The main exergy loss occurs in the conversion of fuel into heat in the boiler. Since this conversion is practically the same in both the condensing and the combined power plants, the total exergy efficiency will be the same, i.e. about 40%. However, it may be noted that the power that is instead converted into heat corresponds to a heat pump with a coefficient of performance (COP) of about 10. Thus, if there is a heating need a cogeneration plant is far superior to a condensing power plant. The maximum energy efficiency of an ideal conversion process may be over 100%, depending on the definition of efficiency. The exergy efficiency, however, can never exceed 100%.
LIFE CYCLE EXERGY ANALYSIS
To estimate the total exergy input that is used in a production process it is necessary to take all the different inflows of exergy to the process into account. This type of budgeting is often termed Exergy Analysis [6, 7] , Exergy Process Analysis, see Fig. (3) , or Cumulative Exergy Consumption [9] , and focuses on a particular process or sequence of processes for making a specific final commodity or service. It evaluates the total exergy use by summing the contributions from all the individual inputs, in a more or less detailed description of the production chain.
Environmentally oriented Life Cycle Analysis or Assessment (LCA) are common to analyze environmental problems associated with the production, use and disposal or recycling of products or product systems, see Fig. (4) . Every (2) . Energy and exergy flows through typical some energy systems [6] . Fig. (3) . Levels of an exergy process analysis.
product is assumed to be divided into these three "life processes", or as it is sometimes named "from cradle to grave".
For every "life process" the total inflow and outflow of energy and material is computed, thus, LCA is similar to Exergy Analysis. In general Exergy Analysis and LCA have been developed separately even though they are strongly linked. This inventory of energy and material balances is then put into a framework as described in Fig. (5) . Four stages in the LCA can be distinguished: (1) Objectives and boundaries, (2) Inventory, (3) Environmental impact, and (4) Measures. These four main parts of an LCA are indicated by boxes, and the procedure is shown by arrows. Green arrows show the basic steps and red arrows indicate suitable next steps, in order to further improve the analysis.
In LCA the environmental burdens are associated with a product, process, or activity by identifying and quantifying energy and materials used, and wastes released to the environment. Secondly one must assess the impact on the environment, of those energy and material uses and releases. Thus it is divided into several steps (Fig. 4) .
The multidimensional approach of LCA causes large problems when it comes to comparing different substances, and general agreements are crucial. This problem is avoided if exergy is used as a common quantity, which is done in Life Cycle Exergy Analysis (LCEA) [10] .
In this method we distinguish between renewable and non renewable resources. The total exergy use over time is also considered. These kinds of analyses are of importance in order to develop sustainable supply systems of exergy in society. The exergy flow through a supply system, such as a power plant, usually consists of three separate stages over time (Fig. 6) . At first, we have the construction stage where exergy is used to build a plant and put it into operation. During this time, 0 t t start , exergy is spent of which some is accumulated or stored in materials, e.g. in metals etc. Secondly we have the maintenance of the system during time of operation, and finally the clean up stage. These time periods are analogous to the three steps of the life cycle of a product in an LCA. The exergy input used for construction, maintenance and clean up we call indirect exergy E indirect and we assume this originates from non renewable resources. When a power plant is put into operation, it starts to deliver a product, e.g. electricity with exergy power E pr , by converting the direct exergy power input E in into demanded energy forms, e.g. electricity. In Fig. (6) the direct exergy is a nonrenewable resource, e.g. fossil fuel and in Fig. (7) the direct exergy is a renewable resource, e.g. wind.
In the first case, the system is not sustainable, since we use exergy originating from a non-sustainable resource. We will never reach a situation where the total exergy input will be paid back, simply because the situation is powered by a depletion of resources, we have E pr <E in +E indirect . In the second case, instead, at time t=t payback the produced exergy that originates from a natural flow has compensated for the indirect exergy input, see Fig. (7) , i. Since the exergy input originates from a renewable resource we may not account for it. By regarding renewable resources as free then after t=t payback there will be a net exergy output from the plant, which will continue until it is closed down, at t=t close . Then, exergy has to be used to clean up and restore the environment, which accounts for the last Fig. (5) . Main steps of a LCA. Fig. (6) . LCEA of a fossil fueled power plant. Fig. (7) . LCEA of a wind power plant. Fig. (4) . The life cycle "from cradle to grave". part of the indirect exergy input, i.e., E indirect , which is already accounted for (Eq. 8). By considering the total life cycle of the plant the net produced exergy becomes E net,pr =E pr -E indirect . These areas representing exergies are indicated in Fig. (7) . Assume that, at time t=0, the production of a wind power plant starts and at time t=t start it is completed and put into operation. At that time, a large amount of exergy has been used in the construction of the plant, which is indicated by the area of E indirect between t=0 and t=t start Then the plant starts to produce electricity, which is indicated in Fig. (7) by the upper curve E pr =E indirect +E net,pr . At t=t payback the exergy used for construction, maintenance and clean up has been paid back. For modern wind power plants this time is only some months. Then the system has a net output of exergy until it is closed down, which for a wind power station may last for decades. Thus, these diagrams could be used to show if a power supply system is sustainable.
LCEA is very important in the design of sustainable systems, especially in the design of renewable energy systems. Take a solar panel, made of mainly aluminum and glass that is used for the production of hot water for household use, i.e. about 50°C. Then, it is not obvious that the exergy being spent in the production of this unit ever will be paid back during its use, i.e., it might be a misuse of resources rather than a sustainable resource use. The production of aluminum and glass require a lot of exergy as electricity and high temperature heat or several hundred degrees Celsius, whereas the solar panel delivers small amounts of exergy as low temperature heat. LCEA must therefore be carried out as a natural part of the design of sustainable systems in order to avoid this kind of misuse. Another case to investigate is the production of biofuels in order to replace fossil fuels in the transport sector. This may not necessarily be sustainable since the production process uses a large amount of fossil fuels, directly for machinery or indirectly as fertilizers, irrigation and pesticides. This will be well described by a LCEA.
Sustainable engineering could be defined as systems which make use of renewable resources in such a way that the input of non-renewable resources will be paid back during its life time, i.e. E pr >E in +E indirect . In order to be truly sustainable the used deposits must also be completely restored or, even better, not used at all. Thus, by using LCEA and distinguishing between renewable and non-renewable resources we have an operational method to define sustainable engineering.
LCEA diagrams are of particular importance in the planning of large scale renewable energy systems of multiple plants. Initially, this system will consume most of its supply within its own constructions phase. However, some time after completion it will deliver at full capacity. Thus, the energy supply over time is heavily affected by internal system dynamics.
LCEA APPLIED TO TYPICAL WIND POWER SYSTEMS
There are numerous publications on life cycle analysis of different wind power systems. The energy use for construction, operation and destruction are often presented. Schleisner [11] analyzed energy and emissions of the production and manufacturing of materials for an offshore and land based wind farm. The offshore wind farm consisted of 10 units of 500 kW turbines or 5 MW and a land based wind farm 18 of 500 kW or 9 MW. The primary energies used in the production and disposal of materials amount to about 44 and 47 TJ for the offshore and land based farm respectively. With yearly electricity production of about 45 and 71 TJ this imply about 1 and 0.7 years payback time respectively. Assume that the construction accounts for 97%, operation for 1% and deconstruction for 2% of the total exergy input and that construction and deconstruction last for one year each then we will have the following LCEA diagram for a life time of 20 years, see Fig. (8) .
We see that the total exergy input is minor to the produced electrical exergy and the exergy input for operation and deconstruction is hardly visible. Thus, the LCEA shows that this wind power system is truly sustainable.
In a study for Taiwan the lifecycle stages of a planned land based wind turbine farm of three different turbines are analyzed [12] . Three turbines are investigated Vestas (V-47), Enercon (E-40), and Vestas (V-66), see Table 1 . The turbine manufacturing, foundation construction, as well as operation and disposal of the wind power systems are considered. Total electricity generated 1, 640, 670 From these data we can set up an LCEA by assuming that the energy input can be regarded as exergy since the energy originates mostly from fuels and electricity, see Fig. (9) .
In this case we see that construction of foundation and installation of the system accounts for high exergy power input in the final state of construction. However, as before the total exergy input is paid back in only a few months by the produced electrical exergy.
CONCLUSIONS
Exergy is an excellent concept to describe the utilization of energy and material resources in systems. The combination of LCA with exergy and distinguish between non renewable and renewable resources to form LCEA offers a unique efficient method to analyze the level of sustainability for energy systems. The application of LCEA to different wind power systems gives an excellent visualization of the exergy flows involved. Thus, in these cases it becomes obvious that the exergy input is well paid back and that the systems will be net producers of exergy. LCEA is strongly recommended as a suitable tool in the analysis of level of sustainability for energy systems and should be part of every energy engineering curricula. 
